Multiple calcium-binding proteins (CaBPs) are expressed at high levels and in complementary patterns in the auditory pathways of birds, mammals, and other vertebrates, but whether specific members of the CaBP family can be used to identify neuronal subpopulations is unclear. We used double immunofluorescence labeling of calretinin (CR) in combination with neuronal markers to investigate the distribution of CR-expressing neurons in brainstem sections of the cochlear nucleus in the chicken (Gallus gallus domesticus). While CR was homogeneously expressed in cochlear nucleus magnocellularis, CR expression was highly heterogeneous in cochlear nucleus angularis (NA), a nucleus with diverse cell types analogous in function to neurons in the mammalian ventral cochlear nucleus. To quantify the distribution of CR in the total NA cell population, we used antibodies against neuronal nuclear protein (NeuN), a postmitotic neuronspecific nuclear marker. In NA neurons, NeuN label was variably localized to the cell nucleus and the cytoplasm, and the intensity of NeuN immunoreactivity was inversely correlated with the intensity of CR immunoreactivity. The percentage of CR+neurons in NA increased from 31 % in embryonic (E)17/18 chicks, to 44 % around hatching (E21), to 51 % in postnatal day (P) 8 chicks. By P8, the distribution of CR + neurons was uniform, both rostrocaudal and in the tonotopic (dorsoventral) axis.
INTRODUCTION
In the avian auditory brain stem, acoustic timing and intensity cues are processed in separate ascending pathways, then reconverge in the midbrain to generate a map of auditory space (Carr and Code 2000; Konishi 1978a, 1978b; Konishi et al. 1985 Konishi et al. , 1988 Moiseff and Konishi 1983; Sullivan and Konishi 1984; Takahashi et al. 1984 ). The two anatomically distinct cochlear nuclei, nucleus magnocellularis (NM) and nucleus angularis (NA), each receive information from the auditory nerve and specialize for encoding timing information (NM) and intensity, or sound level, information (NA) for the computation of sound location (Boord 1968; Carr and Boudreau 1991; Parks and Rubel 1978; Puelles et al. 2007; Reyes et al. 1994; Sullivan and Konishi 1984; Trussell 1999) . Nucleus angularis is highly heterogeneous in terms of neuronal morphology, acoustic response types in vivo and intrinsic physiology in vitro, and has multiple ascending projections, suggesting that it performs multiple functions Fukui and Ohmori 2003; Häusler et al. 1999; Krützfeldt et al. 2010a; MacLeod and Carr 2007; Sachs and Sinnott 1978; Sato et al. 2010; Soares and Carr 2001; Soares et al. 2002; Wang and Karten 2010; Warchol and Dallos 1990 ). The present study was undertaken to better define the molecular characterization of neurons in NA.
The auditory brain stems of birds and mammals have been characterized by high expression levels of three calcium-binding proteins (CaBP): calretinin, calbindin, and parvalbumin (Braun 1990; Braun et al. 1985 Braun et al. , 1991b Celio and Heizmann 1981; Friauf 1994; Kubke et al. 1999; Lohmann and Friauf 1996; Parks et al. 1997) . The calcium buffering capability of these CaBPs may play a neuroprotective role against high activity levels or degeneration during hearing loss (Camp and Wijesinghe 2009; D'Orlando et al. 2002; Idrizbegovic et al. 2006; Parks et al. 1997 ). In the avian brain stem, neurons in the timing pathways are characterized by calretinin (CR) immunoreactivity, which also demarcates the terminal fields of these pathways in the midbrain (Takahashi et al. 1987 ). In the intensity pathway, a subpopulation of neurons in NA was also shown to express CR immunoreactivity, but it was absent or weak in the terminal fields of the projection from NA to the midbrain, which were nonoverlapping in barn owl and chick Wang and Karten 2010) . In the mammalian brain, multiple CaBPs show complementary patterns of expression within and across auditory brainstem nuclei and have been associated with specific subsets of cell types (Förster and Illing 2000; Fredrich et al. 2009; Lohmann and Friauf 1996) .
The chick cochlear nuclei exclusively express CR, but not parvalbumin or calbindin (Rogers 1989a), but whether CR was associated with specific subtypes of auditory neurons is unknown. Calretinin immunoreactivity was found in the neuropil, presumably in the axon terminals of the eighth nerve, but was also localized to the cytoplasm of cell bodies in NA and NM (Kubke et al. 1999; Parks et al. 1997) . Over development, progressive CR expression coincides with the tonotopic axes in NA, NM, and NL. In NA, the tonotopic axis has been shown to be oriented dorsoventrally, with high frequencies represented dorsally and low frequencies ventrally (Köppl 2001; Warchol and Dallos 1990) . Neuropil and cellular immunolabeling appeared as early as E11 in the chick, but was restricted to the dorsal extreme. Over the course of development, the CR immunolabeling progressed from dorsal to ventral, reaching the ventral extreme by postnatal day (P) 1. Over development, the immunolabeling also became progressively less intense in the neuropil and more intense in the cell body. Previous studies used single antibody approaches and were performed prior to characterization of the different cell types in NA based on morphological analysis Soares and Carr 2001) . Therefore, the question of whether CR labeling was ubiquitous among the neuronal cell types in NA was not investigated, although the immunolabel intensity of the immunoreactivity was noted as heterogeneous. To address this question, we performed double label immunofluorescence and confocal microscopy to allow a quantitative assessment of the distribution of CR-expressing neurons in NA in conjunction with pan-neuronal markers neuronal nuclear protein (NeuN) and microtubule-associated protein 2 (MAP2). Calretinin clearly immunolabeled a subpopulation of neurons in NA, with~30 % of the total neuronal population showing CR immunoreactivity at embryonic day 17/18. By postnatal day (P) 8, the proportion of CR+neurons had increased but was still limited to half of all neurons and these neurons were uniformly distributed. We conclude that CR may be a useful marker for a subpopulation of neurons in NA and further study is needed to establish a relationship to specific cell type and functional class.
MATERIALS AND METHODS

Subjects
Experiments were carried out on White Leghorn chickens (Gallus gallus domesticus) purchased from Charles River SPAFAS (Lebanon, CT). Tissue was obtained from chickens of either sex on embryonic day (E) 17-18 and E21 and postnatal day (P) 8. All animal procedures were approved by the University of Maryland Institutional Animal Care and Use committee and followed NIH guidelines.
Antibodies
The antibodies used in the present study were m o n o c l o n a l m o u s e a n t i -N e u N ( M i l l i p o r e Cat#MAB377; clone A60), monoclonal mouse anti-MAP2 (Millipore Cat #MAB3418), polyclonal rabbit anti-Kv1.1 (Alomone Labs Cat#APC-009), monoclonal mouse anti-Calretinin (Swant Cat#6B3), and polyclonal rabbit anti-Calretinin (Swant Cat#7699/4H) ( Table 1) .
Calretinin antibody specificity
The anti-calretinin antibodies were obtained from Swant (Bellinzona, Switzerland) . Calretinin is an EFhand calcium-binding protein whose distribution and localization have been well characterized. The rabbitderived polyclonal antibody has been used extensively to characterize the auditory pathways in mammalian and several avian species including chicken (Rogers 1989; Kubke et al. 1999; Parks et al. 1997; Fredrich et al. 2009 ). The mouse monoclonal antibody was obtained by immunizing mice with recombinant human calretinin-22 k and its specificity verified by immunoblot in chickens according to the product information sheet provided by Swant. Both antibodies react with calretinin but not other calcium-binding proteins (i.e., parvalbumin or calbindin). Anti-CR label has been extensively characterized in chick, finch, and barn owl tissue, and our results qualitatively comport with published descriptions on labeling in the chick auditory brain stem.
NeuN antibody specificity
The NeuN antibody was a monoclonal antibody raised against the purified cell nuclei from mouse brain and originally characterized by Mullen et al. (1992) , who showed the anti-NeuN was reactive in most neuronal cell types across a wide range of vertebrate tissue including chicken tissue. NeuN antibody was obtained from Millipore (MAB377; clone A60). Similar cellular expression profiles have been described in mouse and chicken, including a common lack of label in Purkinje cells of the cerebellum (Mezey et al. 2012; Weyer and Schilling 2003) . Specificity has been verified with Western blots using chicken protein extracted from whole brains which showed specific bands at estimated molecular weights of 46 and 48 kDa (Mezey et al. 2012) , similar to mouse (Lind et al. 2005) . NeuN has been used extensively to label postmitotic neurons in developmental studies in chick (Mezey et al. 2012; Perez et al. 1999; Zeng et al. 2008) and in a study of cochlear nucleus neurons in mice (Mostafapour et al. 2002) .
Kv1.1 antibody specificity
The Kv1.1 antibody was a polyclonal rabbit anti-Kv1.1 obtained from Alomone Labs (Cat#APC-009). The antigen was a GST fusion protein corresponding to amino acid residues 416-495 of mouse Kv1.1 (accession P16388). Immunohistochemistry using antibody has been described previously in chicken brain stem tissue (Fukui and Ohmori 2004; Popratiloff et al. 2003) . Our staining using enzymatic methods in NM and NL was consistent with published descriptions. When primary antibodies were preincubated with the supplied fusion protein, immunolabeling was not detected in the brain stem tissue (Fukui and Ohmori 2004; Popratiloff et al. 2003) .
MAP2 antibody specificity
The MAP2 antibody was monoclonal anti-MAP2 from Millipore (clone AP20) that was raised in mouse using the bovine brain microtubule protein, cross reacts with chicken protein, and been shown to densely label cell bodies and primary dendrites of neurons in chicken brain stem (Shao et al. 2009; Wang and Rubel 2008) .
Tissue preparation and immunohistochemistry
After cooling eggs several minutes at −20°C, E17-18 embryos were extracted and deeply anesthetized with pentobarbital IM. The E20-21 and P8 chickens were deeply anesthetized with isofluorane followed by IM injection pentobarbital. The embryos and hatchlings were then perfused transcardially with 0.9 % saline and heparin, followed by 4 % paraformaldehyde (PF) in 0.01 M phosphate buffered saline (PBS, pH 7.4). Brains were postfixed for 1-2 days, then cryoprotected in 30 % sucrose in PBS at 4°C overnight. Serial sections in the transverse plane were cut on a freezing microtome at 40-μm thickness and collected in PBS.
Free-floating sections containing the cochlear nucleus angularis, laminaris, and magnocellularis were washed in PBS then incubated in 10 % normal serum in 0.01 M PBS plus 0.5 % Triton X-100 for 1 h. Primary antibody solutions consisted of the appropriate antibody diluted in PBS containing 2.5 % normal serum plus 0.5 % Triton X-100. Sections were incubated in the primary solution for 1 h at room temperature then overnight at 4°C. Dilution series were carried out to determine the effective concentrations used in this study (Table 2) . Control sections were incubated in the solution containing normal serum where primary antibodies were omitted. Visualization in single antibody experiments was achieved by enzymatic methods using biotinylated secondary antibodies (goat anti-rabbit or goat antimouse; Invitrogen) and the avidin-biotin-peroxidase technique. After incubation with secondary antibody solution (1:200) at room temperature for 1 h, sections were treated with a hydrogen peroxide solution (1 % H 2 0 2 and 10 % methanol in PBS) for 10 min to eliminate endogenous peroxidase activity, then incubated in avidin/biotin/peroxidase complex (Vectastain Elite ABC Kit, Vector Laboratories, Burlingame, CA) for 45 min. Sections were rinsed several times in PBS, and then the reaction product was visualized with 3,3-diaminobenzidine peroxidase substrate solution, intensified with nickel (DAB peroxidase Substrate Kit, Vector Laboratories). Sections were washed, mounted on gel-coated slides, dried overnight, and cover slipped with Cytoseal mounting medium (Thomas Scientific, Swedesboro, NJ).
For immunofluorescent labeling, sections were washed and incubated as described above in solutions simultaneously containing two primary antibodies raised in different host species in the combinations listed in Table 2 . After rinsing in PBS, sections were incubated with the solution containing two secondary antibodies tagged with different fluorophores (with excitation wavelengths at 488 or 594 nm) diluted in PBS plus 0.5 % Triton X-100 for 2 h at room temperature. The secondary antibodies that were used were as follows: Alexa Fluor 488 donkey antirabbit IgG (Invitrogen CAT#A21206); Alexa Fluor 594 donkey anti-mouse IgG (Invitrogen Cat#A21203); D y L i g h t 4 8 8 d o n k e y a n t i -m o u s e ( J a c k s o n Immunoresearch, Cat# 711-485-150); and DyLight 594 donkey anti-rabbit (Jackson Immunoresearch, Cat#711-515-152). Sections were rinsed, mounted, and cover slipped immediately with Prolong Gold containing DAPI mounting medium (Invitrogen Cat# P36935). Specificity of the secondary antibodies was verified by running controls in which one of the two primary antibodies were omitted. In these cases, no label was observed that related to the omitted primary species antibody. Immunolabeling patterns of the antibodies used in double labeling were compared with results obtained using single primary antibodies and visualized by enzymatic or fluorescent methods and found to be consistent, suggesting that the double immunolabeling did not result in nonspecific cross labeling.
Double immunofluorescence experiments were carried out on 13 embryonic and hatchling chickens: 8 animals for anti-CR/anti-NeuN (3 E17/18; 2 E21; 2 P8), 2 animals for anti-CR/anti-Kv1.1, and 3 animals for anti-Kv1.1/anti-MAP2.
Confocal microscopy and analysis
Images of immunofluorescently labeled sections were taken on a Zeiss LSM 710 confocal microscope using a×40 or×63 oil immersion lens. DAPI, FITC, and rhodamine lasers were optimized for digital offset and master gain to produce best images. Serial z-stack images (optical sections of 0.48-0.52 μm) were acquired encompassing the upper and lower limits of the tissue section. For each NA, four to five adjacent images were acquired to be later stitched together as a composite.
Quantitative analysis was done by importing multiple Zeiss LSM z-stack files to form a composite 3-D image in the Stereo Investigator software platform (MicroBrightField Inc.). A contour was drawn by eye around the perimeter of nucleus angularis. Dorsal, middle, and ventral subsections were defined by finding the long axis in the approximate dorsoventral orientation and dividing the nucleus into three subsections (bounded by NA perimeter) along equal points along this axis (see Fig. 4A ). Cell density was defined as the number of counted neurons per subsection/nucleus area. Analysis comparing dorsal, middle, and ventral subsections was limited to the central portion of the rostrocaudal extent of NA that had a characteristic bean-like shape with full dorsoventral extent (see Fig. 3 ). Focusing through the depth of the section, immunoreactivity and colocalization were assessed in the cell bodies of each neuron relative to background fluorescence. Total neuronal population consisted of the summed numbers of neurons that were judged to be CR+and/or NeuN+. While most of final images shown are 2-D maximum projections, cross sections through the centers of neuronal cell bodies and nuclei were assessed during counting to avoid erroneous colabeling judgments due to overlap of the fluorescence label in the x-y plane. Luminance analyses were performed using the Neurolucida software package from MicroBrightField, Inc. 
RESULTS
NeuN expression in the avian auditory brainstem
In order to identify and count the neuronal population in NA, the pan-neuronal molecular marker NeuN was used (Mezey et al. 2012; Mullen et al. 1992; Weyer and Schilling 2003) . NeuN label was widely observed throughout the chick brain stem, with abundant labeling in the auditory areas NA and NM, as well as the target nucleus for NM involved in interaural timing difference coding, nucleus laminaris (NL; Fig. 1A ). We observed strong subcellular labeling in the nuclei of all NM and NL neurons (Fig. 1C, D) . In contrast, the NeuN expression in NA was heterogeneous, with some neurons showing only nuclear labeling while others showed both nuclear and cytoplasmic labeling (Fig. 1B) . For the quantitative cell counts in this paper, anti-NeuN fluorescent label that was localized to the cell nuclei, cytoplasm, or both and had a brightness above background was considered positive.
Calretinin identifies a subpopulation of neurons in NA
To address the specificity and heterogeneity of CR expression, we sought to determine (1) the propor- tion of NA neurons that express CR and (2) the distribution of CR-positive neurons within the nucleus and across development. We used double label immunofluorescence using primary antibodies against NeuN and CR. Sections were counterstained with DAPI. Confocal z-stack images of the auditory nuclei were assembled into composite images from individual fields ( Fig. 2A) . We analyzed the brain stems of E17/E18 (n=3) and E21 (n=3) chick embryos and P8 juvenile chickens (n = 2). For each animal, a complete rostrocaudal series of 40-μm transverse sections were processed (Fig. 3 ). Neurons were determined to be either NeuN+only (CR−), double labeled for both (NeuN+/CR+) and, rarely, CR+only (NeuN−) (Fig. 2B) .
CR+immunoreactivity was observed in many cell bodies in NA, extending into primary dendrites, as well as in processes throughout the neuropil. The presence of postsynaptic labeling was confirmed by optical sectioning through the cell bodies and observing consistent cytoplasmic staining throughout, showing that CR label in NA was not limited to CR+terminals but was also expressed in many of their neuronal targets. Consistent with previous reports, anti-CR strongly labeled NM cell bodies (Fig. 2C ) and more weakly labeled NL cell bodies (not shown). In NA, CR expression was clearly heterogeneous, with many NeuN+neurons lacking any detectable CR (Fig. 2B , arrowheads, NeuN+/ CR−). NA neurons that were CR+showed a broad range of label strength. The overwhelming majority of CR-positive cell bodies also were NeuN-positive (NeuN+/CR+). In addition, a small number of CR+cells lacked NeuN expression, despite otherwise appearing like neurons in size, shape, and primary processes and resembling other nearby CR+/NeuN+cells (Fig. 2B , arrow, NeuN−/CR+). These CR+/NeuN−cells suggest that NeuN does not label all neurons in the brainstem. In NM, CR expression also tended to be strongest under the cell membrane, confirming the subcellular localization reported by Hack et al. (2000) (Fig. 2C) . CR expression in NA tended to be more distributed throughout the cytoplasm and was not excluded from the cell nucleus.
To quantify the expression of CR in NA, we analyzed the overall incidence of CR expression (all CR+/total numbers across all sections), as well as the pattern of CR expression in the rostrocaudal and dorsoventral extent of NA (Fig. 3A, B) . Outline contours containing NA were drawn and complete counts were made of the NA neurons that were positive for each label (for an example, see Fig. 4A ). The percentage of NA neurons that were CR+varied with developmental age: 31 % at E17/18, 44 % at E21, and 51 % at P8 (Fig. 4B) . For E21 animals, the percentage of CR + did not differ along the rostrocaudal dimension (Fig. 3C ). These numbers demonstrated that CR was expressed in a subset of neurons in NA and that the heterogeneity of expression persisted in older animals.
Distribution of CR+neurons in NA along the tonotopic axis
To determine the distribution of CR as a percentage of the total neuronal number, we made cells counts by dividing NA into three subsections: (dorsal, middle, and ventral) and defined cell density as the number of and NeuN (green, Aii) and combined image (Aiii). B-E Higher power image showing differences in cytoplasmic label of CR and NeuN using double immunofluorescence in NA (B-D) and NM (E). Only a subset of all NeuN+neurons was CR+(double label NeuN+/CR+, asterisks). Some NeuN+neurons had no discernable or very weak CR label (NeuN+/CR-, arrowheads) and tended to have stronger cytoplasmic NeuN label. A small number of CR+cells had no discernable NeuN label but were identified as neurons based on size and shape (NeuN−/CR+, arrows). E) NM neurons were homogeneously labeled by NeuN and calretinin. NeuN label was localized to the nucleus, while CR appeared localized to the cell membrane. Scale bars: 100 μm (Aiii), 20 μm (B-E).
neurons per subsection area. While there was little variation in %CR+across comparable rostrocaudal sections (Fig. 3) , there was a clear dorsoventral gradient of expression in younger animals (Fig. 4C, E) . For E17/ 18 animals, CR + cell density (Fig. 4C) and %CR+ (Fig. 4E) were highest in dorsal sections, and lowest in ventral sections. Total cell density, in contrast, showed a slightly higher density in the ventral sections relative to the dorsal (Fig. 4D) . Similar patterns were seen with section from E21 chick. In P8 animals, in contrast, there was no gradient in CR+cell density dorsoventrally and a much weaker gradient in terms of %CR+. This is consistent with previous work that showed that with maturity, the CR+expression gradient disappears in both chick and barn owl (Kubke et al. 1999; Parks et al. 1997 ). However, even in P8 animals and in the dorsal-most sections, the percentage of CR + neurons was modest (56 %). These data suggest that in older animals, CR was expressed in a persistent subpopulation that was roughly evenly distributed dorsoventrally, rostrocaudally, and relative to the tonotopic axis in NA. expression. Paired Student's t tests carried out on caudal, middle and rostral segments showed no significant differences: caudal vs middle, p=0.26, middle vs rostral, p=0.43, caudal vs rostral, p=0.054, n=3). Caudal: pooled sections 3 and 4; middle: pooled sections 7 and 8; rostral, pooled sections 10-11. Rostral and caudal extremes excluded due to variation in shape that limits comparisons and confounding effects of dorsoventral gradients (e.g., caudal section #1 in A).
Inverse relationship between CR and NeuN expression
In NA, the full range of NeuN expression was widely variable (e.g., Fig. 2C ). Neurons with the strongest CR label were also observed to have the weakest NeuN label, and vice versa. To quantify the relationship of CR and NeuN expression, luminance measurements were made by selecting the CR+neurons with the visually brightest immunolabel (subjectively assessed) and measuring their respective NeuN immunolabel. Conversely, we selected the neurons with the strongest cytoplasmic NeuN immunolabel, and measured their respective CR immunolabel. We observed a strong negative correlation between luminance of CR and NeuN, suggesting complementary regulation and/or restricted localization of the NeuN signal to the nucleus in the presence of high levels of CR (Fig. 5A) . Neurons with strong cytoplasmic NeuN immunolabeling and weak or absent CR immunolabeling (n=22) were smaller than neurons with strong CR immunolabel (n=35; p=G0.0001, Student's t test; Fig. 5B ).
Heterogeneous label for Kv1.1 throughout NA
We have shown a restricted expression of CR to a subset of NA neurons and that these neurons were distributed throughout NA in older animals. This pattern suggests that CR may define an identifiable subpopulation, as appears to be the case in the mammalian cochlear nucleus (see "DISCUSSION") (Bazwinsky et al. 2008; Fredrich et al. 2009; Lohmann and Friauf 1996) . To better define the CR subpopulation in NA, we investigated the expression of Kv1.1 in NA using double immunofluorescent labeling of anti-Kv1.1 along with anti-MAP2 (Fig. 6) .
Immunolabel for Kv1.1 was broad and highly heterogeneous in NA (E21 chick embryo; similar label has been seen in P14 chicks, data not shown, Parameshwaran and Carr personal communication). Anti-Kv1.1 labeled both cell bodies and processes within the NA neuropil. The potassium channel marker label was weak in many cases but a few brightly labeled, large neurons in NA were observed (Fig. 6A, B) . In the same sections, neurons of the NM 
Dorsoventral gradient declined with age (E17/18 versus P8). D
Density distribution of all neurons shows a reverse gradient (more dense ventral) that declined with age. E Distribution of CR+neurons expressed as a percentage of total number of neurons. Dorsoventral gradient declined with age. F Neuropil areas were measured for the defined dorsal, middle, and ventral subsections (denominator for cell density measures). Subsection area showed that the nucleus size increased slightly, but not significantly, with age. All values in C-E are mean±s.d. Statistical comparisons made using 2-way ANOVA (alpha = 0.05) and Tukey's posthoc multiple comparisons test; asterisks indicate differences (pG0.05).
were strongly labeled (Fig. 6C ) and less variable. To quantify whether Kv1.1-like expression was more variable in NA than in NM, we measured single-cell luminance values of Kv1.1 label in NA neurons and NM neurons from matched sections. Average luminance values were significantly higher in NM than in NA (NM luminance median was 8.8, n = 71; NA luminance median was 2.8, n=70) and only 14.3 % of NA neurons met or exceeded the 25th quartile luminance values for NM (mid-quartile range: 7.4-1 0 . 4 ; s i g n i f i c a n t l y d i f f e r e n t d i s t r i b u t i o n s , Kolmolgorov-Smirnov test, p G0.0001). Luminance values in NA spanned a significantly broader range than those in NM (NM coefficient of variation (CV) was 0.25; NA CV was 0.88;) (Fig. 6D, inset) . Cell body sizes for brighter Kv1.1-positive neurons were larger than those of weaker Kv1.1-positive neurons. Anti-MAP2 and anti-Kv1.1 co-labeled cell bodies, but their expression generally did not overlap in the processes, such as in the proximal dendrites invaded by MAP2 label. We commonly observed many thin processes in NA labeled with anti-Kv1.1 that were negative for MAP2 (see Supplemental Video clip), suggesting that Kv1.1 is present along many axonal processes in NA as well.
Most CR-positive neurons in NA co-label with Kv1.1
To determine whether CR expression was correlated with Kv1.1 expression, we performed double immunofluorescence experiments for the two markers. These experiments were performed in E21 chicks, so we restricted our analysis to the dorsal third of NA. Based on the MAP2/Kv1.1 double label results presented above, we found, not surprisingly, that most CR+neurons (990 %) were co-positive for Kv1.1 (Fig. 7A) , as well as a population of Kv1.1+ neurons that were negative for CR (not shown). To determine whether the strength of CR and Kv1.1 label were correlated, we made single-cell luminance measurements of brightly labeled CR and Kv1.1 using the same procedure as above for CR and NeuN labeling (Fig. 7B) . The Kv1.1 label varied continuously as did the CR label, with a weak negative correlation. Brightly labeled Kv1.1+ neurons were significantly larger than the brightest CR+neurons (Fig. 7C) . In summary, we found that Kv1.1 labeling did not define a clear subpopulation of neurons in NA, and was not congruent, co-regulated, or excluded from CR-positive neurons in NA.
DISCUSSION
In an effort to molecularly characterize the subtypes of neurons in the avian cochlear nucleus angularis, we used double immunofluorescence and confocal microscopy to make a quantitative assessment of calretinin-expressing neurons in NA and their distribution. To quantify the proportion of CR-labeled neurons in the total neuronal population, we colabeled with a pan-neuronal marker, NeuN. Slightly more than 50 % of NA neurons were immunopositive for CR by postnatal day 8. By this age, there was also no significant gradient in the proportion of CRpositive neurons in the dorsoventral, or tonotopic, orientation. These data suggest that calretinin may be a useful marker for a nearly uniformly distributed subpopulation of neurons within NA. The morpho-
FIG. 5. Luminance measurements from double immunofluores-
cence showed an inverse correlation between CR+and NeuN+label strength (n =57; R 2 =0.39). Individual neurons were selected based on having either strongest calretinin label (open squares) or strongest NeuN label (gray squares). Cell bodies were drawn as the region of interest, and then luminance values were taken for each corresponding fluorescent label and plotted against each other (A). Cell selection was blinded for the opposite fluorophore. B Cell body size showed a significant effect when strong NeuN+(NeuN luminance 910; n=22) were compared to strong CR+(NeuN luminanceG10; n=35; pG0001; Student's t test). All measurements were taken from fields that contained both strong NeuN+and strong CR+.
logical and functional identification of this subpopulation remains to be determined.
Calretinin and parallel processing for sound localization
CR is one of a family of EF-hand CaBPs, along with parvalbumin and calbindin, that are highly expressed in neurons in the auditory brain pathways (Braun 1990; Braun et al. 1985 Braun et al. , 1991a Celio and Heizmann 1981; Celio et al. 1996; Friauf 1994; Kubke et al. 1999; Lohmann and Friauf 1996; Parks et al. 1997; Rogers 1989b) . CaBPs have proved to be a useful marker for distinguishing the parallel pathways for sound source localization in the avian and mammalian brain stem. Parallel pathways for auditory processing have been most clearly identified in the barn owl, but with many commonalities with the chicken and other avian species (Carr and Code 2000) . In vivo and behavioral data from the barn owl have shown that cues for interaural time differences (ITD) and interaural intensity (or level) differences (ILD) underlie the binaural processing of sound location (Konishi 1973; Moiseff and Konishi 1981; Payne 1971) . Timing and intensity cues are processed in separate ascending pathways beginning with the cochlear nuclei Konishi 1978a, 1978b; Konishi et al. 1985 Konishi et al. , 1988 Moiseff and Konishi 1983; Sullivan and Konishi 1984; Takahashi et al. 1984) . The avian cochlear nuclei, NM and NA, receive information from the auditory nerve (Boord and Rasmussen 1963; Carr and Boudreau 1991; Häusler et al. 1999; Krützfeldt et al. 2010b; Parks and Rubel 1978; Puelles et al. 2007; Soares and Carr 2001) . NM specializes in encoding fine timing cues and projects to the binaural nucleus responsible for computing ITD, NL (Carr and Konishi 1990; Fukui et al. 2006; Hackett et al. 1982; Koyano et al. 1996; Nishino et al. 2008; Raman et al. 1994; Reyes et al. 1994; Smith 1981; Trussell 1999; Zhang and Trussell 1994) . Sound intensity cues for interaural level differences are processed first in NA which projects to the binaural nucleus responsible for computing ILD (Adolphs 1993; Manley et al. 1988; Sato et al. 2010; Sullivan and Konishi 1984; Takahashi et al. 1984) . Both NA and NL send a direct projections FIG. 6 . Kv1.1 immunolabeling was weaker and more variable among NA neuron cell bodies than among NM neurons. Co-label of MAP2 (green) versus Kv1.1 (red) in NA (A, low power; B, high power of same section) and in NM (C). MAP2 luminance was similar in NA (Ai, Bi) and NM (Ci), but Kv1.1 luminance was overall lower and showed greater variation in NA (Aii, Bii) than in NM (Cii). All panels from the same section and imaged with identical parameters. Right panels (Aiii-Ciii) overlay MAP2 and Kv1.1 expression. Confocal images are maximum intensity projections. D Cumulative distribution of luminance values measured from individual cell bodies showed significant differences between NA (n=70) and NM (n=71; pG0.0001, two-sample Kolmogorov-Smirnov test). Cell bodies were identified with MAP2. C) The brightest Kv1.1+ neurons (n=16) tended to be larger than the brightest CR+in the same field (n=8; p=0.0001, Student's t test).
to the midbrain, where they form nonoverlapping terminal fields in the central nucleus of the inferior colliculus (ICc) in chick and barn owl (Conlee and Parks 1986; Krützfeldt et al. 2010b; Takahashi et al. 1987; Wang and Karten 2010) .
Some commonalities also arise in the patterns of CaBP expression in these auditory circuits across studies in barn owl, chick, zebra finch, and emu. In the brain stem nuclei, similar adult patterns of CR expression have been established in barn owl and chick, with strong labeling in the timing nuclei, NM and NL, and also in a subset of neurons in NA (Hack et al. 2000; Kubke et al. 1999; Parks et al. 1997; Takahashi et al. 1987) . Both parvalbumin and CR were expressed in all three nuclei in emu (Kubke and Carr 2006; MacLeod et al. 2006) , with heterogeneous expression in cell bodies in NA (MacLeod, Soares & Carr, unpublished observations). In the ascending parallel pathways in the barn owl, a CR-like immunoreactive fiber plexus was most strongly associated with the projections of NL in the lemniscus and the NL terminal field in the ICc, and was far weaker or absent in the projection areas of NA and the NA terminal field in the ICc (Kubke et al. 1999; Takahashi et al. 1987; Wagner et al. 2003) . It seems likely that this pattern associating CR with the NL projection to midbrain is recapitulated in the chick Wang and Karten 2010) , but studies combining tract tracing and immunolabeling are needed. Interestingly in the songbirds, while complementary patterns of CaBPs delineated subregions within IC (MLd, as termed in these studies), the terminal fields of NA and NL projections to MLd broadly overlapped, and thus did not appear to correspond to the immunochemical boundaries as in owl and, presumably, chick (Logerot et al. 2011; Zeng et al. 2008 ).
Heterogeneity of calretinin expression and functional diversity in NA
Previous immunohistochemical studies of CR in the NA of barn owl and chick using single antibody enzymatic labeling indicated heterogeneous expression patterns across individual neurons, with some strongly labeled and others more weakly labeled. These studies inspired us to examine the CR-expressing neuronal distribution relative to the overall neuronal distribution in NA. Our double label study using a pan-neuronal marker in addition to anti-CR expands on these previous findings by showing that a s u b s t a n t i a l f r a c t i o n o f N A n e u r o n s w e r e immunonegative for CR. The CR-immunoreactive neurons thus comprised a distinct subpopulation that persisted into the late hatchling developmental stages. The functional or morphological identity of this subpopulation is unclear. NA is comprised of a heterogeneous collection of neurons that have a broad range of neuronal morphology, physiological response types in vivo to sound stimuli, and intrinsic physiology as revealed by in vitro experiments. Using Golgi labeling methods and intracellular fills that allow dendritic ramifications to be observed, four different cell types have been identified in NA on morphological grounds in multiple avian species: planar, large radiate, vertical, and stubby (pigeon: Häusler et al. 1999; chick: Soares et al. 2002 ; barn owl: Soares and Carr 2001; emu: MacLeod, Soares, and Carr personal observations). In vitro physiological response types have been defined in the chick and include several varieties of repetitive-spiking cell types and a phasic, "single spiking" response types, the latter of which resembled neurons in the timing pathways Fukui and Ohmori 2003; Kuo et al. 2009; Soares et al. 2002) ; these intrinsic properties may have important implications for both level and spectrotemporal processing in NA (Kreeger et al. 2012) . Physiological responses types in vivo corresponded closely to those found in the mammal ventral cochlear nucleus, including "primarylike" (resembling phasic-tonic nerve discharges), "chopper" (characterized by intrinsic repetitive spiking and poor phase-locking to the carrier wave), and "onset" types (Hotta 1971; Köppl and Carr 2003; Sachs and Sinnott 1978; Warchol and Dallos 1990 ; see also Köppl and Carr (2003) for a discussion of these response types in the avian system). Together, these data indicate that NA likely supports multiple, parallel streams of acoustic processing besides level coding for binaural comparisons, including general spectrotemporal processing for sound recognition Köppl and Carr 2003) . Since all of the morphological cell types appeared to project out of NA to higher order neural targets (Soares and Carr 2001), exactly which cell types contribute to the coding of intensity for sound localization versus spectrotemporal processing for sound recognition is still unknown. Further research on the functional role of different cell types would be aided by the availability of cell type-specific molecular markers. This study represents a step in identifying such markers by analyzing the expression pattern of one highly expressed protein in the chick auditory brainstem, calretinin.
Calretinin expression along the tonotopic gradient over development in the avian brain stem Previous work showed a dorsoventral gradient of expression of CR label over development, suggesting a relationship to the tonotopic gradient that is oriented in the dorsoventral dimension in NA (Köppl 2001; Kubke et al. 1999; Parks et al. 1997; Warchol and Dallos 1990 ) like a number of other maturational processes in the avian brainstem that also show systematic variations along the eventual tonotopic orientation (for review, see Kubke and Carr (2000) ). However, many of these processes occurred independently of alterations in peripheral activity and prior to the establishment of frequencytuned neuronal activity. For example, the expression levels of the CaBPs in the cochlear nucleus neurons was unaffected by removal of afferent inputs by removal of the otocyst in young embryos (Parks et al. 1997) . In early embryonic tissue, the neuropil in NA showed diffuse labeling, while in later embryonic and post-hatch tissue, the neuropil label weakened and cell body label strengthened. These studies also showed a dorsoventral expression gradient that changes with development, wherein the dorsal-most areas showed early, stronger label that moved in a "front" toward the ventral pole. NM and NL are, comparatively speaking, morphologically and physiologically homogeneous nuclei with a single principal cell type (Carr and Boudreau 1993; Jhaveri and Morest 1982; Kubke and Carr 2000; MacLeod et al. 2006) . Calretinin was also expressed in the timing nuclei in a developmentally regulated gradient, with high/early expression levels in high-frequency (rostromedial) regions and lower/later expression in lower frequency (caudolateral) regions. Aside from the larger scale gradient of expression, CR label in the timing nuclei was locally homogeneous, while expression in NA cell bodies appeared locally heterogeneous, with a subset of neurons showing strongest expression levels among the three auditory nuclei while others showed weak expression. Our data confirmed the dorsoventral gradient of expression that changes with development, qualitatively in overall expression strength and quantitatively in terms of the fraction of CR-positive neurons that expand ventrally. This ventral expansion was coincident in both the postsynaptic and neuropil labeling. By P8, however, we show that although there is no longer a gradient, CR-positive neurons form a subpopulation of~50-60 % of the total number of neurons in NA that are uniformly distributed, both dorsoventrally and rostrocaudally.
Comparison with mammalian auditory brain stem expression
While calretinin was the only CaBP found in the chick auditory brain stem nuclei (Parks et al. 1997; Rogers 1989a) , three members of the CaBPs family, calretinin, parvalbumin, and calbindin, have been found in the mammalian auditory system (Bazwinsky et al. 2005 (Bazwinsky et al. , 2008 Braun et al. 1991b; Braun and Piepenstock 1993; Caicedo et al. 1996 Caicedo et al. , 1997 Celio 1990; Förster and Illing 2000; Fredrich et al. 2009; Friauf 1993 Friauf , 1994 Idrizbegovic et al. 2001 Idrizbegovic et al. , 2004 Idrizbegovic et al. , 2006 Kelley et al. 1992; Kulesza 2014; Logerot et al. 2011; Lohmann and Friauf 1996; Matsubara 1990; Vater and Braun 1994) . These CaBPs formed complementary patterns of expression in the cochlear nuclei (Bazwinsky et al. 2008; Fredrich et al. 2009; Lohmann and Friauf 1996) .
Interestingly, differential CaBP expression could indicate subpopulations even within previously morphologically and physiologically identified classes. Heterogeneity in CaBP expression in the auditory brain stem has been studied in detail in several mammals. Using double immunofluorescence labeling Bazwinsky et al. (2008) found that calbindin and calretinin were expressed in distinct subpopulations of globular bushy cells and octopus cells in the ventral cochlear nucleus of the gerbils and possum. Similarly, a study in rat brain stem showed that multipolar type I neurons in ventral cochlear nucleus expressed either PV or CR (Fredrich et al. 2009 ). Utilizing retrograde labeling combined with immunohistochemistry, Fredrich et al. (2009) also showed that particular CaBPs were associated with specific subpopulations of cell types based on their projection patterns; for example, PV+multipolar Type I neurons projected to contralateral inferior colliculus, while CR+multipo-lar Type I neurons projected to ipsilateral inferior colliculus. These studies together suggest there is no global heuristic regarding the association of CaBP expression and cell type, especially when other auditory brain stem nuclei are considered. Instead, subpopulations within the more classically defined cell types may be identified by highly specific combinations of neurotransmitter, CaBP expression, and projection patterns. Further study of the projection patterns of nucleus angularis in the avian brainstem combined with immunofluorescence will be needed to determine whether similar patterns exist in the bird cochlear nucleus.
Calretinin and low-threshold potassium channel expression in NA
In an effort to link CR expression with a functional cell type, we used an antibody against the lowthreshold potassium channel Kv1.1. The Kv1.1 gene and protein product belongs to the Kv1 family of lowthreshold potassium channels, whose activity defines the physiological responses of the single spiking neurons in the timing pathway (NM, NL) (Kuba 2007; Kuba et al. 2002; Rathouz and Trussell 1998; Reyes et al. 1994) . The physiological differentiation of NA neuron subtypes in vitro have been partially defined by the expression of a dendrotoxin-sensitive, low-threshold potassium current (Fukui and Ohmori 2003; Soares et al. 2002) . While the Kv1 family channel protein expression had been quantified in the brain stem timing nuclei (Fukui and Ohmori 2004; Kuba et al. 2005; Lu et al. 2004 ), it had not been thoroughly investigated in NA. Combining Kv1.1 staining with MAP2 as a neuronal marker, we showed that Kv1.1-like immunoreactivity was broad and heterogeneous in NA, albeit at lower levels than in NM. Kv1.1 label was found localized in the cell bodies, but was also found in the neuropil. Since this made it difficult to distinguish process from cell body staining, we used single plane optical sections through the central portion of somata (as identified by MAP2 staining) to try to limit the contribution of neuropil staining to our estimates of postsynaptic, cytoplasmic label. Still, immunoreactivity levels in individual neuronal cell bodies in NA ranged from levels similar to the surrounding neuropil, up to levels as strong as that observed in NM neurons. The breadth and variability of the Kv1.1 label suggests there may be a large variation in the contribution by low-threshold potassium conductances to the physiological responses of NA neurons and that was not limited to the single spiking neurons. Were Kv1.1 staining limited to the single spiking neurons, which comprise only 20 % of the neuronal population , we would have expected far more restricted labeling. A role for the low-threshold potassium conductance in tonic firing neurons is supported by experiments demonstrating that α-dendrotoxin, a specific blocker of low-threshold K channels (Brew and Forsythe 1995; Rathouz and Trussell 1998; Rothman and Manis 2003) , elevated firing in these neurons, in addition to converting single spiking neurons to multiple-spiking (Fukui and Ohmori 2003; Kreeger and MacLeod, unpublished observations) . A dendrotoxin-sensitive current in putative Type I (repetitive firing) neurons has been described in the mammalian VCN as well; this current had a threshold slighter higher than the classic "low-threshold" current (Rothman and Manis 2003) . How these currents play into the variation of firing properties observed in NA is open for debate.
Since both Kv1.1 and CR were broadly expressed, there was a high degree of overlap, with no clear correlation or exclusion between Kv1.1-and CRpositive profiles. We did observe a weak negative correlation in immunofluorescence luminosity between the two signals. The strongly Kv1.1-positive neurons also had larger cell bodies, which would be consistent, but not conclusive, with their identification as single spiking, "stubby" neurons, which had the largest soma when measured following intracellular fills . We attempted to define the morphological features that might be associated with the CR expression, to no avail. Intracellular fills to label neurons during whole-cell patch recordings appeared to wash out the cytoplasmic CR from NA neurons (though not from NM neurons in control experiments): filled NA neurons were nearly all CR negative, although nearby unrecorded neurons could show strong CR-positive immunoreactivity. MAP2 label, while invading the proximal dendrites, was not sufficiently complete to distinguish morphological types.
NeuN expression in the chick auditory brain stem
Originally identified as a neuronal specific nuclear protein in mouse (Mullen et al. 1992) , NeuN has been used as a pan-neuronal marker in a number of studies of chick neuroanatomy and developmental studies in a variety of tissues, including forebrain, optic tectum, and spinal cord (Mezey et al. 2012; Perez et al. 1999; Yamagata et al. 2006; Zeng et al. 2008) . While antiNeuN labeled most neurons, including those in the murine cochlear nucleus (Mostafapour et al. 2002) , it was notably absent in a few specific cell types: Purkinje cells in the cerebellum, mitral cells in the olfactory bulb, and photoreceptor neurons in the retina (Lind et al. 2005; Mullen et al. 1992; Weyer and Schilling 2003) . We showed that neurons in the chick auditory brain stem were largely NeuN immunopositive, but that the subcellular expression profiles was heterogeneous in nucleus angularis. Nevertheless, NeuN was sufficiently universal to be a useful pan-neuronal marker for immunocytochemical studies in NA, labeling nearly all (995 %) of neurons and providing clearer identification than possible with standard Nissl histological methods.
The anti-NeuN antigen has recently been identified as the gene product of Rbfox3, a member of the Fox-1 gene family of RNA splicing regulators (Kim et al. 2009 ). The Rbfox3 protein is a neuron-specific RNA-binding protein which has been demonstrated to be required in the neuronal differentiation of postmitotic neurons in chick spinal cord (Kim et al. 2009 (Kim et al. , 2013 . Alternative splice variations are common among neuronal proteins important in the auditory brain stem, especially glutamate receptors GluR1-4, where the flop variation of GluR3/4 enhances rapid signaling (Fabiana Kubke and Carr 1998; Levin et al. 1997; Parks 2000; Raman et al. 1994; Sugden et al. 2002) . While this study utilized NeuN expression as a generic neuron-specific marker, the heterogeneity in anti-NeuN labeling we observed in NA might itself be related to neuronal diversity.
The inverse relationship between NeuN and CR expression suggests that NeuN may be actively regulated in a cell-specific manner. Differential subcellular localization of NeuN label in NA may also be related to the finding that two isoforms of NeuN (molecular weights 46 and 48 kDa) are present in both mice and chick and both are labeled by the NeuN antibody (Lind et al. 2005; Mezey et al. 2012) . In mice, these isoforms differ in their subcellular distributions, with the 48 kDa protein preferentially expressed in the cytoplasm, but whether differential isoform expression explains the heterogeneity in subcellular labeling in NA remains to be determined. Alternatively, antiNeuN has been shown to be sensitive to phosphorylation states of the NeuN antigen (Lind et al. 2005) , and therefore in our experiments, the differential label could possibly represent differential phosphorylation while the protein itself could be more uniformly distributed across the NA population.
In summary, calretinin immunoreactivity characterizes a subset of neurons in the avian cochlear nucleus. Further studies defining the projection pattern of these neurons or characterization of their morphology or physiological properties are needed to define this subset as a genuine subpopulation. Diversity of the immunolabeling with antibodies against the neuronal marker NeuN and the low-threshold ion channel Kv1.1 offer further evidence of the heterogeneous nature of the avian cochlear nucleus angularis.
